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Abstract
Metabolic syndrome is a cluster of metabolic risk factors such as obesity, diabetes and car-
diovascular diseases. Mitochondria is the main site of ATP production and its dysfunction
leads to decreased oxidative phosphorylation, resulting in lipid accumulation and insulin
resistance. Our group has demonstrated that kinins can modulate glucose and lipid metabo-
lism as well as skeletal muscle mass. By using B2 receptor knockout mice (B2R-/-) we
investigated whether kinin action affects weight gain and physical performance of the ani-
mals. Our results show that B2R-/- mice are resistant to high fat diet-induced obesity, have
higher glucose tolerance as well as increased mitochondrial mass. These features are
accompanied by higher energy expenditure and a lower feed efficiency associated with an
increase in the proportion of type I fibers and intermediary fibers characterized by higher
mitochondrial content and increased expression of genes related to oxidative metabolism.
Additionally, the increased percentage of oxidative skeletal muscle fibers and mitochondrial
apparatus in B2R-/- mice is coupled with a higher aerobic exercise performance. Taken
together, our data give support to the involvement of kinins in skeletal muscle fiber type dis-
tribution and muscle metabolism, which ultimately protects against fat-induced obesity and
improves aerobic exercise performance.
Introduction
The kallikrein-kinin system (KKS) is a multi-enzymatic system in which function is mediated
by the interaction of peptides called kinins with two different G-protein-coupled receptors, B1
and B2 (B1R and B2R, respectively). Our group presented for the first time the involvement of
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kinin B1 receptor in metabolism and insulin secretion, using the B1R knockout mice [1, 2].
Additionally, initial evidences regarding a potential involvement of KKS with skeletal muscle
(SM) metabolism were reported two decades ago; muscle blood flow and skeletal muscle glu-
cose uptake can be modulated by bradykinin via the constitutively expressed B2 receptor [3–5].
Additionally, absence of B2R resulted in lower tissue sensitivity to insulin and glucose uptake
[6]. Later, we demonstrated that B2R-/- mice presented increased postnatal protein body mass,
gastrocnemius mass and decreased expression of myostatin in gastrocnemius in postnatal
period in comparison to WT counterparts [7].
Total muscle mass highly influences the energy homeostasis [8] and the imbalance between
energy intake and energy expenditure are associated to pathologies like obesity and type 2 dia-
betes. Furthermore, SM fiber type distribution, in addition to total muscle mass, is an impor-
tant determinant of the profile of energy substrates (i.e. glucose and fatty acids) utilized by SM
and physical performance. In this context, mitochondrial content and activity is a distinctive
feature among the different SM fiber types [9, 10].
Thus, it is tempting to speculate whether B2R activation could modulate total skeletal mus-
cle mass leading to changes in energy expenditure. Therefore, considering these findings and
the fact that the role of B2 receptor in SM has been poorly investigated, the aim of this study
was to evaluate the B2R function in skeletal muscle fiber distribution and mitochondrial bio-
genesis in mice and how this receptor can contribute to an improvement of metabolic
responses, diet-induced obesity (DIO) and physical performance.
Research Design and Methods
Animals
C57BL6/J wild type (WT) and age matched C57BL6/J B2R knockout mice (B2R-/-) were
obtained from the Universidade Federal de São Paulo, Brazil and from the Max-Delbrück-Cen-
ter for Molecular Medicine, Berlin-Buch, Germany. All experiments reported have been con-
ducted as stated in the National Institutes of Health guide for the care and use of laboratory
animals (Institute of Laboratory Animal Resources, National Academy Press, Washington DC,
1996) and approved by a local committee. Animals were maintained on standard mouse chow
at 22°C on a 12h light-dark cycle with ad libitum access to food and water. Food consumption
and body weight were monitored weekly in individualized animals. In all experiments, 12- to
18-week-old males were used. Feed efficiency is the weight gain per ingested energy unit over a
given period of time and was calculated at the end of the experimental period.
HFD treatment
Three-month-old WT and B2R-/- mice were fed either standard diet (10% kCal fat—cat#:
D12450B) or high-fat diet (45% kCal fat—cat#:D12451) (Research Diets, New Brunswick, NJ)
for 12 weeks. After treatment, mice were sacrificed for blood and tissue collection. The serum
was separated for leptin and insulin quantification with ELISA kits (R&D Systems, Minneapo-
lis, MN and Millipore, Billerica, MA, respectively). Tissues explants were weighed and frozen
for protein, RNA or mtDNA extraction.
Body composition analysis
Total body fat was estimated in WT and B2R-/- mice using the GE-Lunar Radiation Corpora-
tion, model MD plus 73595 densitometer (Madison, WI, EUA). Whole-body densitometry was
performed to measure the total body weight, fat content and lean mass weight. The equipment
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gives absolute and percentage values for lean and fat mass to the total mass of the studied ani-
mal. After sacrifice, the fat pad content was separated and weighed.
Serum hormones measurements
After 8 weeks of HFD treatment, WT and B2R-/- mice were submitted to an overnight fasting.
Animals were euthanized and the blood serum separated by centrifugation for 15 minutes at
1500 g in room temperature. Leptin and insulin measurements were performed using the
respective ELISA kit (R&D Systems Minneapolis, MN USA; Linco Research, St Charles, Mis-
souri USA) protocols.
Glucose and insulin tolerance tests
For intraperitoneal (IP) glucose tolerance tests (GTT), mice were injected with 10% glucose
(D-glucose, Sigma, St. Louis, MO) in 0.9% saline (Teknova, Hollister, CA) at a 1 mg/kg dose.
For IP insulin tolerance tests (ITT), the mice were injected with 100 mU of insulin (Humulin-
R, Lilly, Indianapolis, IN) in 0.9% saline solution at a 1.0 U/kg dose. Blood glucose was mea-
sured before injection (time 0) and 15, 30, 60, 90 and 120 min after injection using a handheld
glucometer. The results are shown as delta (glucose of each point, i.e. 15, 30, 60 and 90 minutes,
divided by the glucose at time 0).
Glucose uptake in isolated skeletal muscle
Mice were sacrificed and soleus muscles were carefully and quickly isolated, divided lengthwise,
weighed and pre-incubated in Erlenmeyer flasks containing 3 mL Krebs-Ringer (containing
1% bovine serum albumin and 5mM glucose) under stirring with O2/CO2 atmosphere (95%/
5%) for 30 minutes. After pre-incubation, muscles were transferred to other flasks containing 3
mL Krebs-Ringer medium plus 0.1 μCi/mL [U-14C]-D-glucose, 10,000 μU/mL insulin or with-
out insulin (baseline). The muscles were incubated for 1 hour under the same conditions of
preincubation, but the aeration with O2/CO2 gas mixture (95%/5%) occurred only during the
first 15 minutes. [14C]-glycogen synthesis (as estimated by d-[14C]-glucose incorporation into
glycogen) was determined as described by Leighton and Cooper [11] and the decarboxylation
of d-[14C]-glucose and the uptake of 2-deoxy-d-[2,6-3H]-glucose were measured as previously
described [12].
Oxygen consumption
In vivo indirect open circuit calorimetry was performed in metabolic chambers. WT and B2R-/-
treated with control or HFD were randomly and alternatively placed into experimental cham-
bers at 25°C ± 1 with free access to food and water. Constant airflow (0.5 L/min) was drawn
through the chamber and monitored by a mass-sensitive flowmeter. To calculate oxygen con-
sumption (VO2), carbon dioxide production (VCO2), and respiratory quotient (RQ: ratio of
VCO2 to VO2), gas concentrations were monitored at the inlet and outlet of the scaled
chambers.
Mitochondrial content
Serial sections were cut transversely through the gastrocnemius muscle using a refrigerated
(-20°C) cryostat (CTI Cryostat; IEC, Needham Heights, MA, USA). Sections were stained for
succinate dehydrogenase (SDH) and cytochrome c oxidase (COX) to determine the activity of
oxidative enzymes (SDH) and mitochondrial integrity (COX) (5μm sections). SDH staining
was performed by incubating sections for 1 h at 37°C in a 0.2 M sodium phosphate buffer
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containing 0.1 M succinic acid and 1.2 mM nitro-blue tetrazolium. Sites of SDH activity were
coloured blue. COX staining was performed by incubating sections for 1 h in a 50 mM Tris/
HCl buffer (pH 7.6) containing 0.22 M sucrose, 14 mM 3,30-diaminobenzidine tetrahy-
drochloride, 80 μM cytochrome c and 1300 U catalase. Sites of COX activity were coloured
brown. The optical density of SDH staining was determined after 6 min of reactivity for all
samples and stained sections captured in full color using bright-field light microscopy. Digitally
captured images with a minimum of four fields of view per muscle cross-section were analyzed.
The bright-field images of SDH reactivity were converted post hoc to gray scale values. The
mean optical density of the SDH-raised signal per individual fiber was determined by averaging
the optical density measured in every pixel in the cell, corrected for the mean optical density of
the background stain measured in a field of view containing no muscle fibers. SDH activity is,
therefore, expressed as optical density (o.d.).
Superoxide anion
DHE (dihydroethidium, Dako) is cell permeable and reacts with superoxide (O2•−) to form
ethidine, which in turn intercalates with DNA, providing nuclear fluorescence. To get rid of the
differences in cellular densities, DAPI (40,6-diamidino-2-phenyindole, Sigma) was used to deter-
mine cellular density. Unfixed fresh-frozen gastrocnemius muscle slides were fixed in acetone
for 10 min. The slides were incubated in a light-protected humidified chamber at room temper-
ature with a 5 μMDHE–0.25 μg/ml DAPI solution for 5 min. The slides were then rinsed in
PBS (Dako) and mounted with a fluorescent mounting medium containing an anti-fading agent
(Dako). To confirm the specific detection of O2•− of DHE, several slides were incubated with
300 IU/ml superoxide dismutase (Sigma) before DHE incubation. The slides were immediately
analyzed with a computer-based digitizing image system (Microvision, Evry) using a fluorescent
microscope (Eclipse 600, Nikon, Champigny-Sur-Marne) connected to a video camera (Tri
CCD, Sony). Ethidine fluorescence was detected with a 510–560 nm excitation and 590 nm
emission filters. DAPI fluorescence was detected with 330–380 nm excitation and 420 nm emis-
sion filters. Automatic computer-based analysis was performed with the same threshold for all
sections (×200 magnification). The number of nuclei per section was determined (DAPI stain-
ing). Muscle surface was delimited and fluorescence emission analyzed (DHE staining). The
results were expressed as the ethidine fluorescence/nucleus as previously described [13].
Gene expression
RNA and DNA were extracted according to manufactures protocol (Trizol and Qiagen). The
SYBR Green System was used for quantification of gene expression. To this end, reactions were
performed in a final volume of 20 μL containing 30–100 ng of cDNA or mtDNA, 10 μL of
SYBR Green Universal PCR Master Mix 2x and 1 μL of each sense and antisense oligo (10 mM
each). The cycling protocol was followed according to the determination of the unit standard
7500 from Applied Biosystems, including the dissociation curve. mRNA reactions were con-
ducted with the following primers: β-actin 5’-CTGGCCTCACTGTCCACCTT-3’, 5’-
GGACTCATCGTACTCCTGCTT-3’; UCP3 5’-TCTTGTGATGTTGGGCCAAG-3’, 5’-
TTCAAGCCATGATACGCCTG-3’; PPARgama 5’-CCACCAACTTCGGAATCAGCT-3’, 5’-
AGGAATGCGAGTGGTCTTCCA-3’; PGC1beta 5’-GAGGAGTCCCTTCCCTCATC-3’, 5’-
TCCTCGAAGGTTAAGGCTGA-3’; PGC1alpha 5’-TGCGTGTGTGTATGTGTGTGTG-3’,
5’-CCTTGTTCGTTCTGTTCAGGTG-3’; LCAD 5’-CATATTCCCCCAGGACATTG-3’, 5’-
CACAATTGCCTCTATGTGCATT-3’, CPT1 5’-CTTCCATGACTCGGCTCTTC-3’, 5’-
AGCTTGAACCTCTGCTCTGC-3’, SCD1 5’-GTATCGCCCCTACGACAAGA-3’, 5’-
GCGTGATGGTAGTTGTGGAA-3’. For the expression analysis of mtDNA the following oligos
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were used:mt-CO1 5'-CCCAATCTCTACCAGCATC-3', 5'-GGCTCATAGTATAGCTGGAG-
3',mt-Cytb 5'-TTCTGAGGTGCCACAGTTATT-3', 5'-GAAGGAAAGGTATTAGGGCTA
AA-3',mt-Nd1 5'-AATGGCCATAGCCTTCCTAACAT-3', 5'-GGCGTCTGCAAATGGTT
GTAA-3',mt-H19 5'-GTACCCACCTGTCGTCC-3', 5'-GTCCACGAGACCAATGACTG-
3'. Standard curves for each pair of oligo and cDNA sample group were made to establish the
efficiency of these reactions. For the analysis of gene expression only reactions with high effi-
ciency (> 95%) were used. This allowed us to use the 2-ΔCt parameter for expressing arbitrary
value of relative gene expression for each sample, using as endogenous control β-actin gene
(mRNA) and nuclear encoded H19 gene (mtDNA) from the sample itself.
Graded treadmill exercise test
Exercise performance was evaluated using a graded treadmill exercise protocol for mice as pre-
viously described [14]. Briefly, after being adapted to treadmill exercises over a week (10 min of
exercise session), mice were placed in the exercise streak and allowed to acclimatize for at least
30 min. Then, the exercise intensity was increased by 3 m/min (6–33 m/min) every 3 min at
0% grade until exhaustion.
Swimming exhaustive test
Time to exhaustion was evaluated in a swimming apparatus especially planned for exercise
training of mice [15, 16]. The system consists of water glass tanks of different dimensions. The
outer tank displays 95 cm in length, 50 cm in width and 45 cm in height. The inner tank is
divided into 10 lanes with a surface area of 15 x 15 cm per lane and a depth of 35 cm to allow
individual training. To prevent floating during the swimming session, tubes were connected to
an air pump system producing water bubbling, and additional weight (3% of BW) was added
to the tails. A heating system kept the water temperature between 30 and 32°C.
Muscle fiber-typing and cross-sectional area
Soleus muscle was harvested fromWT and B2R-/- mice, immediately frozen in melting isopen-
tane, and stored in liquid nitrogen. Frozen muscles were cut into 10-μm cross sections from the
proximal to distal region using a cryostat (Criostat Mícron HM505E, Walldorf, Germany). Mus-
cle sections were then incubated for myofibrillar ATPase activity after alkali (mATPase, pH
10.3) or acid pre-incubation (mATPase, pH 4.6) as previously described [17]. The myosin
ATPase reaction was used to identify the muscle fiber type. Type I fibers reacted deeply after
acid preincubation at pH 4.6, and lightly after formaldehyde pretreatment and alkali preincuba-
tion at pH 10.3. The inverse occurred with type II muscle fibers. Fiber typing and fiber cross-sec-
tional area were evaluated in whole muscles at 200x magnification and further analyzed on a
digitizing unit connected to a computer (Image Pro-plus, Media Cybernetic, Silver Spring, MD,
USA). The total number of each fiber type was counted in order to calculate the numerical fiber
type composition (I, IIA, and Intermediary). The fibers that could not be clearly identified as I or
IIA were classified as intermediary (they presented light stain at pH 10.3 and a small area). The
cross-sectional area of each fiber type was measured for further calculation of averaged fiber
cross-sectional area. All analyzes were conducted by a single observer, blinded to mice’s identity.
Statistical analysis
All values are expressed as mean ± SEM. Statistical analyses were carried out using two-tailed
Student's unpaired t test to compare two independent groups, or ANOVA followed by Bonfer-
roni's test to compare more than two. Significance was rejected at p>0.05.
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Results
Body weight and composition after high-fat diet
To assess the contribution of the kinin B2 receptor to the regulation of adiposity in mice, we
analyzed body weight, feed efficiency and white adipose tissue mass in control and HFD fed
B2R-/- and wild type (WT) animals. Under control diet, B2R-/- mice presented normal body
weight. Wild type animals displayed an expected elevation in body weight and adipose mass
after HFD, whereas B2R-/- mice were remarkably refractory to the fat regimen (Fig 1A). More
notably, feed efficiency (grams of weight gained/food consumed) was decreased markedly in
the absence of kinin B2 receptor (Fig 1B), suggesting increased energy expenditure. The profile
of animal body mass subjected to different types of diet was assessed. Using body densitometry
we have obtained the fat mass (Fig 1C), lean mass (Fig 1D) and percentage of body fat (Fig 1E)
of each animal. As a result, we observed a significant difference in epididymal (Fig 1F), perire-
nal (Fig 1G) fat content and total body weight (Fig 1H) of B2R-/- after the HFD treatment.
Blood leptin and insulin levels, glucose and insulin tolerance test and
glucose uptake in skeletal muscle
Wemeasured serum leptin (Fig 2A) and insulin (Fig 2B) levels and found a significant decrease
in leptin and insulin content in B2R-/- mice when compared to WT mice. Notably, HFD did
not lead to an increase of leptin and insulin levels in the B2R-/- mice. These results demonstrate
that B2R-/- mice have reduced adiposity and are strongly resistant to diet-induced obesity and
hyperleptinemia. Glucose tolerance was measured in WT and B2R-/- under control diet (Fig
2C) and HFD (Fig 2D) and no difference was observed between groups under control diet but
significant glucose intolerance in B2R-/- when submitted to HFD. Despite that, insulin sensitiv-
ity was not different under control diet (Fig 2E), but B2R-/- presented higher insulin sensitivity
under HFD when compared to WT at the same food regimen (Fig 2F). Fig 2G shows that glu-
cose uptake in muscle of WT and B2R-/- mice was not different at basal level, but after insulin
stimulation knockout animals had a higher glucose uptake. The synthesis of glycogen (Fig 2H)
was also measured, and as well as for glucose uptake, the basal production of glycogen was not
significantly different between the two groups. However, after the addition of insulin, B2R-/-
animals showed a significant increase in glycogen levels when compared to WT.
Energy expenditure, mitochondrial activity and superoxide anion
To determine the metabolic profile of the experimental groups treated with different types of
diet, the animals were subjected to analysis of O2 consumption (Fig 3A) and CO2 production
(Fig 3B). Before and after the diet treatment we found a significant difference in oxygen con-
sumption of animals B2R-/-. Due to the higher oxygen consumption, we also found a higher
carbon dioxide production, a result of the increase in the respiratory process in mice lacking
B2 receptor. The respiratory quotient (RQ) values for the wild type and knockout mice were
obtained by dividing the volumes of CO2 released by the amount of O2 consumed. We found
that the knockout animals have significantly lower RQ than that of WT mice under normal
conditions (Fig 3C).
The mitochondrial activity was obtained by quantification of an enzyme component of the
electron transport chain, Succinate Dehydrogenase (SDH). The enzyme cytochrome C oxidase
(COX) activity has also been examined to validate the experiment and analysis of mitochon-
drial activity (Fig 3D). As a result of a higher mitochondrial activity, B2R-/- mice have higher
superoxide anion levels in this tissue compared to wild type (Fig 3E).
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Gene expression
To verify whether B2R-/- mice have a higher amount of mitochondria in muscle, mitochondrial
DNA was extracted and quantified by real time PCR (Fig 4A). The chart shows increased levels
of muscular NADH dehydrogenase 1 (mt-Nd1) and cytochrome b (mt-Cytb) in B2R-/-. This
result, associated with mitochondrial activity shown in the previous section, indicates that the
B2R-/- animals have a higher mitochondrial activity and higher amount of mitochondria in
skeletal muscle.
To elucidate the possible mechanism of action of B2 receptor in glucose and fatty acid
metabolism and mitochondrial biogenesis, we measured the mRNA expression of PGC1 alpha
and beta, LCAD, CPT, SCD1, UCP3 and PPAR gamma in the muscle of WT and B2R-/- mice.
We observed an increase in the expression of the mitochondrial genes PGC1 alpha, PPAR
gamma and of the fatty acid metabolism genes CPT and SCD1, which can contribute to the
phenotype presented by B2R-/- (Fig 4B).
Fig 1. B2R-/- is protected from obesity. (A) Total body weight of wild type (WT) or B2 knockout mice (B2R-/-) under control diet (Control) or high-fat diet
(HFD) (n = 5 each). Obesity was induced after 8 weeks of HFD treatment. (B) Feed efficiency of WT and B2R-/- mice during 8 weeks of HFD treatment. Body
composition analysis showing (C) fat mass, (D) lean mass and percent body fat (E) of WT and mice after 8 weeks of HFD treatment. (F) Epididmal and (G)
perirenal fat pad depots and (H) total mass after 8 weeks of HFD treatment. (n = 5 for each group) (*P<0.05; #P<0.05, ##P<0.01) Data are presented as
mean ± S.E.M.
doi:10.1371/journal.pone.0134844.g001
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Fig 2. Leptin and Insulin levels, GTT and ITT and skeletal muscle glucose uptake. Serum leptin (A) and insulin (B) levels measured after 8 weeks of
HFD treatment in WT and B2R-/- mice under control (Control) or high-fat diet (HFD). (C)Glucose tolerance test of WT and B2R-/- under control diet and (D)
high-fat diet (E) Insulin tolerance test of WT and B2R-/- under control diet and (F) high-fat diet (G)Glucose uptake and (H) glycogen synthesis in skeletal
muscle of 3-month-old WT and B2R-/- mice incubated without (filled bars) or with (open bars) 10,000 μU/mL of insulin for 60 min. (n = 5 for each group).
(*P < 0.05; **P<0.005, ***P<0.001) Data are presented as mean ± S.E.M.
doi:10.1371/journal.pone.0134844.g002
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Muscle characteristics
The soleus muscle of B2R-/- mice display an increased type I and intermediary, but a decreased
type IIA fiber percentage in comparison to their age-matched WT counterparts, suggesting a
fiber type shift (IIA to I) (Fig 5A and 5B). Cross-sectional area (CSA) of fibers type I and IIA in
soleus muscle were smaller in B2R-/- than in WT mice (Fig 5C). There was no difference in the
cross-sectional area of intermediary fibers between B2R-/- and WT animals.
Graded treadmill maximal test
B2R-/- mice and their WT counterparts displayed similar maximal VO2 (VO2
max) in graded
treadmill running test (Fig 6A). However, the effort expended at the same percentage of
Fig 3. Indirect calorimetry andmitochondrial activity. (A)Oxygen consumption and (B) CO2 production in WT or B2R
-/- mice fed an HFD for 8 weeks
(n = 5 each). (C) Respiratory quotient ratio in WT or B2R-/- mice fed an HFD for 8 weeks. (n = 5 each). (D) Histochemical analysis of SDH and COX staining in
skeletal muscle of 3-month-old WT or B2R-/- mice (n = 5) Scale bar = 50μm. (E)Dihydroethidium (DHE) and 4’,6-diamidino-2-phenylindole dihydrochloride
(DAPI) colocalization. Representative images of gastrocnemius muscle in 3-month-old mouse showing fluorescent labeling of DAPI (blue) in and DHE (red)
at the corresponding location and focal plane, with merged pictures, showing colocalization (pink). Scale bar = 20μm. (*P < 0.05; **P<0.005) Data are
presented as mean ± S.E.M.
doi:10.1371/journal.pone.0134844.g003
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VO2
max was lower in B2R-/- when compared with the WT mice (Fig 6B), which suggests that
B2R-/- mice displayed better metabolic efficiency during the test than WT counterparts.
Swimming exhaustive test
When submitted to swimming exhaustive test, B2R-/- mice were able to swim for a longer time
in comparison to their WT counterparts (Fig 6C). Only 20% of WT mice swam for more than
20 minutes, as opposed to 80% of B2R-/- mice, which were able to swim twice in this time. Also
20% of B2R-/- mice remained swimming up to 60 minutes (Fig 6D).
Discussion
We have previously demonstrated the relationship between kinins and metabolic processes
such as insulin and glucose homeostasis and obesity [18–20]. Also, we showed that B2R regu-
lates skeletal muscle mass by altering myostatin gene expression [21]. Due to these factors, we
hypothesized that B2R could have a role in metabolic disorders and physical performance and
therefore submitted B2R-/- mice to a high fat diet treatment and physical tests. The B2R-/- dis-
played a remarkable resistance to diet induced obesity (DIO) when compared to control wild
type mice. In addition, they displayed higher energy consumption with preference for fatty
acid as energy source (as demonstrated by RQ), which prompted us to aim the skeletal muscle
and its role in oxidative metabolism. As mentioned herein, total SM mass highly influences
body metabolism. Thus, the increased muscle mass presented by B2R-/- (under standard chow)
is in accordance with the higher rate of energy expenditure observed in the present study. Also
reinforcing the involvement of KKS in muscle mass control, it was recently demonstrated that
the increased expression of kinin B1 receptor (B1R) in an androgen-sensitive model of SM
atrophy was associated to a reduction of C2C12 myocytes [22]. The mechanism involved in
this effect depends on the ability of B1R to regulate specific E3-ligases atrogin-1 and MuRF-1
influencing the regulation of SM proteolysis.
β-oxidation in mitochondria is the main process whereby fatty acids are metabolized to gen-
erate ATP. The lower RQ observed in B2R-/- suggests that this pathway is mostly used to pro-
duce energy, and supporting this finding, mitochondrial oxidative phosphorylation
(mtOxPhos) genes are upregulated in skeletal muscle of B2R-/- mice. In addition, mice lacking
Fig 4. Mitochondrial biogenesis. (A)Mitochondrial DNA quantification in skeletal muscle of 3-month-old WT or B2R-/- mice (n = 5 each). (B) Expression of
genes related to mitochondrial biogenesis (PGC1b; PGC1a; LCAD; SCD1; UCP3; PPARg) and OxPhos (CPT) in skeletal muscle of 3-month-old WT or
B2R-/- mice (n = 7 each). (*P < 0.05; **P<0.005) Data are presented as mean ± S.E.M.
doi:10.1371/journal.pone.0134844.g004
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kinin B2R present higher activity as well as a higher number of mitochondria in skeletal mus-
cle, showing an increase in anion superoxide, oxidative genes and also mitochondrial genes.
Mitochondria functional status is associated both with diseases and physical performance.
For example, mitochondrial dysfunction and fat accumulation in muscle has been implicated
with type 2 diabetes, insulin resistance and obesity [23–25]. Furthermore, it was reported that
the SM fiber distribution in humans was associated with metabolic syndrome [26]. Specifically,
the proportion of type I fibers in vastus lateralismuscle was correlated with the severity of insu-
lin resistance [26]. B2R-/- mice present lower levels of blood insulin and leptin probably as a
consequence of the lower amount of white adipose tissue. Duka et al. (2001) showed that the
deletion of B2 receptor causes glucose intolerance and Schweitzer et al. (2011) exhibited that
B2R is not essential for the effects of glucose uptake in insulin-stimulated mouse soleus muscle
in B6/129SvF2 strain [6, 27]. Here, B2R-/- presented glucose intolerance only when submitted
to HFD, but higher sensitivity to insulin after HFD probably caused by the decreased body fat.
We also observed higher insulin sensitivity in skeletal muscle under normal conditions, which
accounts for 80% of whole body insulin-mediated glucose utilization [28]. On the other hand,
it is well known that regular physical exercise increases SM capacity to oxidize glucose and
fatty acids [29], enhance physical performance and the capacity to expend energy [30]. The
peroxisome proliferator-activated receptors (PPARs) class of transcription factors controls
Fig 5. Fiber type characterization in skeletal muscle. (A) Example of transverse soleus sections from 3-month-old WT and B2R-/- mice, with histochemical
staining for myosin ATPase, preincubated at pH 10.3. Type I fibers; type IIA fibers and intermediary fiber are indicated. (B) Soleus fiber type percentage. (C)
Media cross-sectional area (CSA) of soleus muscle fromWT and B2R-/-. (n = 5 each). (*P < 0.05) Data are presented as mean ± S.E.M.
doi:10.1371/journal.pone.0134844.g005
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transport and metabolism of these substrates and exercise adaptation is mediated by the stimu-
lation of PPAR and mitochondrial genes [31]. In this sense, the increase observed in gene
expression of PPARy, CPT, SCD1 Nd-1, Cytb as a consequence of B2R absence is very similar
to the effects induced by chronic aerobic exercise in SM.
Deletion of B2 receptor in mice also had a profound impact on skeletal muscle functionality.
B2R-/- mice displayed reduced soleus cross-sectional area of fiber types I and IIA when com-
pared to their WT counterparts. The reduced cross sectional area in these type of fibers of
B2R-/- mice was paralleled by increased percentage of type I (oxidative) and intermediary fibers
with a reduction in type IIA (oxidative/glycolytic) fibers, which suggest a shift from type IIA to
I fiber and pro oxidative metabolism. These results are in line with training specifically to mar-
athon running, which also promotes a reduction of type I fiber diameter associated with
increased contractile properties and improved oxidative capacity [31].
In the present study, the higher percentage of oxidative skeletal muscle fibers in B2R-/- mice
was coupled with an increased aerobic performance. This feature was not affected by exercise
mode since aerobic performance was increased both in treadmill and swimming, the most
widely used tests for evaluating aerobic capacity in animal studies [32]. Interestingly, the higher
aerobic performance observed in B2R-/- mice was achieved even with similar VO2
max observed
in B2R-/- and WT mice. To better understand this response, one needs to notice that the same
Fig 6. Exercise performance. (A)Maximum VO2 and (B) time to exhaustion of WT or B2R
-/- mice on a metabolic treadmill. (C) Time to fatigue after
swimming test and (D) percentage of swimmers in 3 month-old WT and B2R-/- mice (n = 5 each). (**P<0.005) Data are presented as mean ± S.E.M.
doi:10.1371/journal.pone.0134844.g006
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absolute values for VO2
max were achieved at higher work rate in B2R-/- when compared to WT
mice, which means that B2R-/- is able to reach the same level in the graded treadmill exercise
test using a lower percentage of aerobic power. The B2R absence also affected the swimming
test performance shown by the longer time to exhaustion. Whereas approximately 80% of WT
mice were exhausted after 20 minutes of swimming, at least 40% of B2R-/- mice swam twice
longer and 20% of B2R-/- mice could remain swimming for up to 60 minutes. Furthermore, the
mean time until exhaustion was approximately 75% higher in B2R-/- when compared to WT
mice. These data give support for the hypothesis that B2R-/- is metabolically more efficient
when compared to WT mice.
Of note, the KKS also seems to be involved in the adaptive response to anaerobic training. It
was demonstrated that the +9/-9 polymorphism of B2R was associated with SM response to
resistance training [33]. Specifically, the expression of B2R is regulated by a common repeat
sequence variation of 9bp (+9/-9 alleles) in exon 1 of the B2R gene [34]. In this context, the -9
allele is associated with a higher expression level of B2R [33]. In the mentioned study, it was
demonstrated that individuals homozygous for the -9 allele presented a higher triceps brachii
hypertrophy in response to chronic training than individuals with one or two +9 alleles [35].
Taken together, all these evidences and our findings give support to the involvement of the
KKS in skeletal muscle trophicity and fiber type distribution, which ultimately seems to deter-
mine the energy substrate fate and affects aerobic performance during exercise. Further, an
eventual role of KKS in metabolic diseases and disorders that affect muscle mass structure
should also be investigated in future studies.
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